ABSTRACT. Ferromanganese oxide minerals are among the most common components of large areas of the ocean floor. Their chemical and mineralogical peculiarities have long stimulated considerable interest. A brief review of various theories on the origin of these minerals is presented.
INTRODUCTION
Great concentrations of iron and mangancse oxide mincrals as concretions and crusts, and as fine particles dispersed in the sediment, are found in various areas of ocean floors. Since their discovery in the past century by Murray and Renard of the Challenger Expedition, therc has been considerable interest in them. The unique chemical and mineralogical peculiarities of the so-called "manganese nodules" have been dealt with in many studies; reference to them may be found in Mero (1962) and Arrhenius (1963) . There has been much speculation as to the origin and the mechanisms involved in the formation of these nodules. Detailed reviews of the various theories put forward can be found in H. Petterson (1945) and in Goldberg and Arrhenius (1958) .
The literature shows two major groups of opinions about the origin of the manganese which is so richly concentrated in the nodules and in the associated sediments. One group holds that the principal source of the manganese is submarine volcanism; the other holds that most of the manganese is derived from sea water, that is, indirectly from the continents. The first author to suggest that ocean bottom manganese and iron are derived from local volcanics was Murray (Murray and Renard, 1891) . His view was bascd on observations that the maganese nodules are often closely associated with volcanic materials. When later he was confronted with the fact that the Mn/Fe ratio is much higher in the nodules than in the volcanics, he suggested that manganese might migrate upward from deeply buried strata and decomposing lavas, then be Bonatti and Y. Rammohanroy Nayudu precipitated in the oxidizing environment of the upper strata near the sedimentwater contact where the Mn/Fe ratio would thus be greatly increased. In this view he was supported by Irvine (Murray and Irvine, 1895) . Clarke (1924) also supported the volcanic origin of the manganese. More recently, Petterson (1945 Petterson ( , 1959 favored the hypothesis that manganese is released from the submarine alteration of pyroclastics and from lava eruptions on the sea bottom.
The first authors to suggest continental rocks as principal source of the manganese (by means of weathering and oceanic transport) were Murray and Renard (1891) . The supporters of this view mentioned various mechanisms that might account for the extraction of the manganese and iron from sea water through both biologic and inorganic agents. According to Correns (1941) , manganese could possibly be extracted biologically from sea water by foraminifera, then concentrated at the bottom after the death of the organisms and the partial or total dissolution of their calcareous tests. However, Petterson (1945) convincingly showed that this process can in only very slight measure account for the high concentrations of manganese in the nodules and in some sediments.
Other authors, such as Dorff (1935) and Graham (1959) , suggested bacterial oxidation as the main extractive process. Graham showed the presence of organic matter in some nodules, but analyses of these substances by Degens (personal communication) have demonstrated the absence of peptide bonds between the amino acids which indicates that these were absorbed to the oxide minerals from sea water rather than synthesized by bacteria in the nodules.
Among the authors believing that inorganic reactions are responsible for the extraction of manganese from sea water, Kuenen (1950) thought that manganese is chemically precipitated in the deep sea, being thus greatly enriched in sediments with very low rates of deposition, such as the red clays. The objection to this hypothesis is that, since manganese presumably is undersaturated in sea water, a special mechanism would be required to accomplish its oxidation and precipitation at the sea bottom. Goldberg (1954) avoided this difficulty by postulating that manganese nodules are formed by electrophoretic deposition of colloidal particles of iron and manganese (which possess opposite electric charges) on any hard surface which would act as a natural electrode. Deep water movements, such as tides and currents, would provide the energy required for such a reaction. Goldberg also suggested that the more rare elements concentrated in the nodules, such as Ni, Cu, Co, Pb, Zn, and some rare earths, are "scavenged" by the iron and manganese colloids from sea water. A few years later, Goldberg and Arrhenius (1958) revised this hypothesis because, among other reasons, most of the ocean-water manganese was found to be in solution and not in particulate form, and the current intensities obtained by tidal effects were too low to account for the accretion. Their interpretation of the process of formation of the iron and manganese concretions seems to be the one most widely accepted at present. It is as follows:
Manganous ions in solution in sea water would be oxidized to the tetravalent state by the catalytic action of iron oxide colloids near the oxygen-rich interlace of sediment and water. The iron hydroxide deposited as a gel would provide the highly reactive surlace necessary for the reactions. The manganese oxides so formed would associate with the catalyst and would become arranged PLATE 1 .
Cross section of the Horizon. nodule from the North Pacific. Ferromanganese oxide minerals (dark) are associated with a light material consisting mainly of phillipsite.
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Enrico Bonatti and Y. Rammohanroy Nayudu in the double layer structures reported by Buser and Griitter (1956) as typical of the nodules.
OBSERVATIONS 0:': SOME NODULES FROM THE PACIFIC Results of microscopic and X-ray diffraction observations of some ferromanganese mineral samples recovered from various localities of the Pacific basin are reported here to prO\"ide some basic examples for the discussion which will follow.
The "lIorizon" Nodule from the North Pacific
This specimen (pI. 1) was probably one of the most spectacular recoveries of its kind. It was collected at 40°14' N, 155°05' W, under 5500 m of water.
It weighs approximately 62 kgs, and its longer dimension is nearly 1 m. It consists of a dark, thick mass of manganese and iron oxides enclosing a soft, light-colored material. This latter consists mainly of prismatic crystals of phillipsite only about 10.20tJ. in size, with minor quantities of yellowish grains, which probably arc highly palagonitized glass. Under the microscope, some phillipsite crystals appear to be growing within palagonite grains in such fashion as to suggest that they developed from the palagonite. The association of the manganese and iron-oxide phases with the phillipsitic material shows . interesting features; besides the large zeoli tic core, phillipsite is also scattered as small aggregates in the oxide phases (pI. 2-A). Material in some cavities of the external surface of the nodule and in a fissure extending into its interior was analyzed by X-ray powder diffraction. Its main components were found to be quartz, feldspar, muscovite, and chlorite. These are the terrigenous minerals normally constituting the sediments at present being deposited in this area of the North Pacific Ocean floor (Arrhenius and Bonaui, in preparation) .
lIfanganese nodules from the Mendocino Ridge
Several manganese nodules and boulders of basalt were dredged from the top of the Mendocino Ridge, in the Northeast Pacific, during the Scripps Institution of Oceanography expedition Fanfare. The sample under description (Fan 25 BD) was obtained at a water depth of 1260 m, at lat 40°23' Nand long 127°59' W. The handspecimen shows a dark brown crust of manganese and iron oxides with protruding fragments of basalt. Within the crust, yellowish hrown patches are visible. The interior of this nodule has the appearance of a palagonite tuff or "hyaloclastite" (pI. 3-A). The outer rim of the interior consists of fragments of fine-grained, compact basalt of various shapes and sizes, enclosed in a yellowish-gray matrix. Toward the core of this nodule bright yellow palagonitic material occurs as matrix, enclosing fragments of fine sand-size black glass (sideromelane).
In thin section, the fragrn£'nts of basalt of the outer rim show the presence of aggregates of fresh labradorite in the form of needles and fine laths. Pyroxenes and olivine, along with basaltic glass, form the interstitial material. Both pyroxenes and olivine show little or no alteration, whereas the glass of the base is loaded with bundles of needles and rods of opaque oxides, which show a tendency to concentrate along the margins of the fragments. The matrix for .. 
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the basaltic fragments consists of partially altered palagonite and is associated with abundant black ferromanganese oxides. A thin section of the central, yellowish part of the specimen (see pI. 3-A) shows that the sideromelane fragments occupy nearly 30 percent of the section and that they are commonly free of microlite inclusions. The palagonite matrix is deep brownish yellow, and the margins where the sideromelane grades into palagonite are darkened with concentrations of ferruginous globulites. Within the palagonite itself are segregations of black and reddish-brown patches and semicircular rings, which are probably goethite and manganese oxides (pI. 3-B) . Faintly birefringent phillipsite is also present. The presence of phyllosilicates of the smectite family is shown by X-ray powder diffraction studies of this palagonitic matrix.
Nodules Irom the South Pacific Ocean
A. The first of two samples described here, DWHD 72, is one of several nodules dredged up in the South Pacific Ocean at 25°31' Sand 85°14' W, under 920 m of water. Its diameter is around 15 cm, and its manganese and iron oxides form a crust about half a centimeter thick. A cross section shows that the interior consists of a brownish-yellow palagonite tuff (pI. 4-A) ; dark oxides are also visible in the interior, in the form of veins and patches. Under the microscope this dark material looks exactly like that in the crust. It is concentrated along planes in the palagonite mass, giving the appearance of vein filling. The X-ray diffraction analysis reveals the presence of goethite and of a smectite mineral, probably nontronite, within this specimen. Two broad reflections at 10 A and 7 .A which disappear on treatment of the sample with a reducing agent (hydroxylamine sulfate) are probably the 10 A and 7 A manganites reported by Buser and Grutter (1956) as characteristic of the nodules.
B. The second sample, DWHD 47, comes from 41°51' Sand 102°01' W, under 4240 m of water. Its diameter is around 5 cm; the dark crust is variable in thickness. The interior of this nodule consists of a yellow hyaloclastic material associated with black oxides identical to those of the crust and, in addition, abundant feldspar grains. An alkali feldspar is prevalent, probably of K-analbitic composition, while an andesine plagioclase is present in lesser quantities.
Hyaloclastites Irom the Oregon Coast
Along the central Oregon coast submarine volcanism of the upper Eocene period produced typical pillow-palagonite complexes. Such formation is mentioned here only for comparison with previous deep sea samples. Vitreous particles of sideromelane can rarely be distinguished macroscopically in the palagonite matrix of this rock. Steel-gray and black layers and pockets of ferromanganese oxide minerals are clearly visible in some of the outcrops (pI. 4-B). In thin section the rock shows all the characteristics of palagonite tuff, also with zeolitic (phillipsite and natrolite) alterations. X-ray diffraction analysis of this material reveals in addition the presence of abundant nontronite.
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DISCUSSION
Preliminary considerations
As a premise to this discussion we will first mention briefly some of the phenomena occurring in connection with underwater lava extrusions. These phenomena are not yet fully understood. However, several studies, both on effusive rocks of various geologic ages known to have been originated by under· water eruptions as well as on samples directly dredged from the sea floor, allow a fairly clear picture of some of the processes involved, at least from a petrological point of view. A more detailed discussion as well as references on this subject can be found in Nayudu (1962a) .
It appears that fluid basic lavas upon effusion on the sea floor often interact strongly with sea water. In certain cases rapid chilling processes take place which cause granulation or pulverization of the lava. The parts of the melt most directly reacting with sea water are hydrated and give rise to a material called palagonite, which is essentially a glass with a very high water content (up to 20 percent). The only crystalline components of relatively fresh palagonites are commonly nuclei of nontronite and occasionally of goethite. This palagonitic material often acts as a protective matrix around fragments of lava which do not react directly with water but cool to form normal basaltic glass (sideromelane) andlor eventually crystalline basalt. Such could well be the origin of the so called palagonite tuffs or using Rittmann's (1962, p. 72) terminology, hyaloclastites.
If great amounts of lava are extruded, a protective carapace of hyaloc1astites usually seems to prevent the deeper fluid from rapid chilling and to allow its partial crystallization. On the other hand it is conceivable that at great depths in the ocean bottom where great masses of water are available at high pressure, many fluid basic lavas would for the most part, depending on their volume, react with water and cool to form palagonitic material. The high hydration typical of palagonitic glasses causes their relatively rapid alteration in sea water; as a result, in addition to minerals of the mont· morillonite family and to goethite, zeolites (commonly phillipsite) become the most abundant crystalline phase of these deposits. Also according to Nayudu (1962b; , unstable palagonite develops into zeolites. It is significant that large areas of the Pacific Ocean floor, such as the South Pacific zeolite region, are made mostly of these components. Recently Ronatti (1963) showed that the phillipsite of the Pacific pelagic sediments is invariably accompanied by hyaloclastic material and by nontronite, and that incipient growth of the zeolite crystals takes place in the palagonite grains. There seems to be no evidence that the high concentrations of phillipsite of some pelagic sediments of the Pacific are formed in any way other than the one mentioned above. We can assume therefore that in general the presence of great quantities of these minerals on the ocean floor is directly related to underwater volcanic eruptions.
On the premise, we will briefly discuss the observations presented above, as well as results of several other authors, trying to test the Goldberg-Arrhenius hypothesis on the formation of the manganese nodules against the one advocating their local volcanic origin.
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Two qualitative observations A. According to the Goldberg-Arrhenius hypothesis, the extraction of manganese and related metals from sea water would take place mainly on those surfaces of the specimen in direct contact with the freely circulating bottom water. Many nodules, with a more or less spherical shape, have their whole surface completely covered by a thick crust of ferromanganese oxides, even if only the upper part of their surface was in full contact with the bottom water while lying on the ocean floor. To avoid this difficulty Mero (1962) suggested that the nodules are frequently overturned by bottom feeding organisms. As every part of their surface would thus be periodically exposed to the water, this would explain their symmetric growth. However this explanation cannot be valid for a great number of nodules too large and heavy to be overturned by bottom fauna. The Horizon nodule (pI. 1) or the specimen (DWHD 72) shown in pI. 4·A can be mentioned as example. This latter nodule is nearly spherical with a diameter of around 20 em and completely covered by an oxide crust about half a centimeter thick. It seems that these specimens, not uncommon, could have been formed by slow deposition of manganese from sea water only if they were floating somewhere above the ocean floor.
B. It has been observed that the nodule concentrations on the ocean floor vary widely from place to place. As an example reference may be made to two photographs from the bottom of the Atlantic, taken in a flat area a few dozen meters apart by B. Heezen (see Arrhenius, 1963) . One shows a great number of nodules, whereas the other is almost free of them. Similar observations have been very common. Even taking into account the influence that deep sea currents might have on the process, it seems improbable that a slow deposition of manganese from a quite homogeneous solution such as sea water would give as a general result the high local variability in the concentration of the nodules, observed also in flat areas of the deep ocean floor.
These two qualitative observations already indicate the difficulties that the Goldberg-Arrhenius hypothesis encounters in explaining some very general features of the deep sea ferromanganese minerals.
Association oj the Nodules with Volcanics
As already mentioned, manganese nodules are commonly found in close association with volcanic materials (Murray and Renard, 1891; Petterson, 1945; Mero, 1962; and others) . Goldberg and Arrhenius (1958) and Arrhenius (1963) explain this fact as indicating merely a low rate of deposition of detrital matter in these areas, where as a result components such as authigenic minerals and residual volcanics would concentrate, which otherwise would be dispersed in the more abundant detrital sediment. These authors therefore assume that in general the association of ferromanganese oxides with volcanics does not require that a common origin of these two components be postulated. Some comments can be made on this point.
A. The assumption that manganese oxides are concentrated in sediments with very low rate of deposition does not seem to hold generally. In fact, nodules have also been found in several instances in localities with relatively high rates of sedimentation, such as the Gulf of California. Hutchinson (1947) demonstrated that no correlation exists between periods of lower sedimentation rate and higher manganese content in several cores from the Atlantic Ocean. Chemical analysis of samples collected by the Swedish Deep Sea Expedition showed that in some cores both from the Atlantic and the Pacific the vertical distribution of manganese· indicates very sharp maxima and minima (Landergren, 1954; Berrit and Rotshi, 1956 ). These fluctuations are so sharp that they cannot be explained only by variations in sedimentation rates during slow continuous chemical precipitation of manganese, as remarked also by Petterson (1959) .
The Origin oj Manganese Nodules on the Ocean Floor 27
B. In regard to the petrographic associations between various phases within the nodules, the following can be noted: In the case of the Homon nodule, the sediments normally deposited in the area of the ocean floor where this specimen was collected are predominantly terrigenous, consisting mainly of quartz, feldspars, muscovite, chlorite, et cetera. Some of this material was also found in a fissure of the specimen, as described on page 20. The presence in this depositional environment of a pure zeolitite, such as the one found in the interior of the nodule, cannot be explained by a lower rate of sedimentation. Instead it suggests that some event interrupted the normal slow sedimentary accumulation in that part of the ocean bottom. The phillipsite and palagonite of the Homon nodule are typical end products of the alteration of an underwater extruded lava. The structural patterns described above (pI. 2-A) in which the phillipsitic material is scattered in the manganese and iron oxide I a phases does not seem to accord with the very slow manganese deposition from sea water postulated by the Goldberg-Arrhenius hypothesis. On the contrary, their association is such as to suggest strongly a related genesis for these two components of the Horizon nodule, whose formation is thus likely to be related to a submarine eruption.
In the sample from the Mendocino Ridge (pI. 3-A) the thin sections show that abundant segregation of ferromanganese oxides, similar to that of the crust, are found within the palagonite (pI. 3-B). In the nodules from the south Pacific (DWHD 72), ferromanganese oxides are found not only in the thick outer crust but also in the interior of the core as veins, specks, and aggregates dispersed in the palagonitic material (pI. 4-A). Triassic manganese nodules found in fossil red clays from the island of Timor in the Malay Archipelago are also associated with volcanic material (Molengraff, 1920) . Recently Arrhenius (1963) has shown that nontronite is intergrown with the manganese oxide phases in the Timor nodules. In none of the previous samples does the oxide crust appear to have been deposited on a preexisting nucleus of altered volcanics; many similar cases could be reported, beginning with some of those mentioned by Murray and Renard (1891) .
It is, on the other hand, common to find segregations of ferromanganese oxides within hyaloclastic formations. One example was given previously describing the Eocene hyaloclastites from Oregon (pI. 4-B); another is provided by hyaloclastic rocks associated with a seamount from the southeast Pacific (lat 18°35' S, long 126°25' W), as shown in plate 2-B.
Observation of a great number of specimens from the Pacific Ocean floor shows the existence of a continuous range in the proportions between the two Enrico Bonat,;;, and Y. Rammohanroy Nayudu, associated phases (ferromanganese oxides and hyaloclastites). Thus we pass from specimens of hyaloclastites with only minute ferromanganese segregations to samples predominantly of ferromanganese minerals with only very minor hyaloclastic remains.
C. Having noted in the foregoing paragraphs how in the nodules the oxide phases are often clearly associated with altered volcanic material, we shall now briefly consider the geographical distribution of the nodules in the Pacific Ocean, starting with a significant quotation from Goldberg (1961) : "The authigenic zeolite of the deep sea floor, a phillipsite mineral, accompanies and possesses similar abundances to the ferromanganese minerals".
The manganese minerals are known to occur in particularly great abundance in a large area of the South Pacific. The only other major components of the ocean floor in this area are phillipsite crystals, often in concentrations of over 50 percent, clay minerals of the smectite group, and grains of palagonitic material, whereas terrigenous components are very scarce (Arrhenius and Bonatti, in preparation) . The phillipsite crystals have been shown in this region to derive directly from the palagonite (Bonatti, 1963) . Therefore there is evidence that the surface of the ocean floor in this region of abundant manganese nodules is made mainly of altered submarine lavas.
Another environment of the ocean floor where ferromanganese minerals are especially concentrated is the proximity and top of seamounts. These structures are commonly associated also with extensive palagonitic rocks, and sea floor deposits around them are frequently rich in zeolites and smectites. The volcanic origin of seamounts is generally recognized (Hamilton, 1956) , and a possible mechanism for their formation is suggested by Nayudu (1962a) . In general they can be regarded as the most conspicuous document of large scale submarine eruptions. In his monograph on the mid-Pacific mountain range, Hamilton (1956) reports that all the seamounts of that system have large deposits of manganese dioxide associated with mafic volcanic rocks. The same is reported for seamounts of the Gulf of Alaska (Menard and Dietz, 1951; Nayudu, 1962b) ; off southern California (Emery and Shepard, 1945) where the manganese minerals are associated with various rock types; of the Northeast Pacific (Carsola and Dietz, 1952) where they are associated with basaltic and palagonitic rocks. Matthews (1961) described samples of basalts and palagonitic tuffs associated with manganese oxides from an abyssal hill in the Northeastern Atlantic and expressed the opinion that the manganese was derived locally from the basalt.
It has been suggested that the extensive deposits of manganese minerals found on seamounts are there only because their tops are often places of little or no detrital deposition. Yet in many cases the same kind of manganese deposits found on the top of mounts can also be found in flat areas in their vicinity. A typical example is the Cobb seamount in the Gulf of Alaska and the nearby Cascadia plain, area of relatively high sedimentation rate; they are both rich in manganese oxides. It is also well known that the thickness of the manganese crust on rocks from the top of the same seamount or from the top of nearby and geologically related seamounts can be quite variable (Dietz, 1955) , which seems an unlikely result if continuous slow precipitation were
The Origin 01 Manganese Nodules on the Ocean Floor 29
responsible for such deposits. These findings seem also in the case of seamounts to exclude low sedimentation rate as an important factor in the formation of their manganese deposits.
The observations reported in the previous paragraphs seem thus to give some evidence that both presence of volcanogenous phases within the nodules and the geographic association of the nodules with such phases in the Pacific cannot be considered a result of low rates of terrigenous sedimentation but on the contrary are such as to suggest a common origin for the volcanics and the ferromanganese minerals.
Volcanic origin 01 the nodules
If it is assumed that the ferromanganese minerals of the Pacific Ocean floor are genetically related to underwater volcanic eruptions, the following points can be raised:
A. How can manganese and iron be extracted from a submarine lava, and how can the manganese/iron ratio in the nodules be so much higher than in any normal basaltic magma?
B. How can the concentration in the nodules of minor elements such as Cu, Ni, Zn, Co, Pb, et cetera, be explained? C. What is the rate of accretion of the nodules?
D. What quantities of basaltic lavas would be needed to account for the observed concentrations of the ferromanganese minerals in the Pacific, and where are the remnants of these lavas? We shall here consider these points separately.
A. Segregation 01 manganese during a submarine eruption.-It is well
known that several manganese deposits (some even of economic importance) from different regions of the earth have been shown by various authors to be closely associated with underwater erupted mafic lavas. A classic example is that of the Olympic Peninsula (state of Washington) where Park (1946) showed that the manganese minerals are closely associated with spilitic pillow lavas. He found evidence that manganese was leached out of the magma at the time of the submarine eruption and deposited in pockets and slabs near the tops of the flows. An analagous situation is provided by manganese and copper deposits of early Cretaceous age from the Coquimbo province, Chile, described by Aquirre and Mehech (1964) . Among other examples are manganese deposits in Cuba (Park, 1942) , in the Franciscan formation of California (Taliaferro and Hudson, 1943) , in South America (Wurm, 1953) , and in Japan (Yoshimura, 1953) . These occurrences can hardly be a coincidence and suggest rather that the interaction of hot lavas with sea water provides a system favorable to the extraction of manganese from the lava itself. A convincing mechanism by which such an extraction and segregation of manganese could he provided is discussed at length by Krauskopf (1956 Krauskopf ( , 1957 . His hypothesis provides the basis for the following suggested mode of formation of deep sea ferromanganese deposits:
It is well known that the solution of iron and manganese compounds is favored by acid and reducing conditions. When basic lavas extruding on the ocean floor interact with large masses of sea water, this latter would provide a good solvent for the acid gases present in the magma. The resulting acid solutions circulating through the lava would leach out some iron, manganese, and other elements. This process would be favored by the extensive shattering and pulverization of the lava which often accompanies the effusion. More sea water would continually enter the system, neutralizing the acid and carrying oxygen, with the effect of precipitating first most of the iron, while manganese, more soluble, would become more and more concentrated and free of iron. By the time solutions enriched in manganese would come in contact with still more oxygen-bearing sea water, then manganese and some residual iron would be deposited to form nodules, slabs, and crusts, often together with fine hyaloclastic debris. The bulk of the manganese would thus be deposited in the areas surrounding the volcanic episode, while some might be transported to a distance.
The preceding paragraph admittedly oversimplifies the matter; nevertheless it very well explains petrological and chemical relationships of the above mentioned manganese deposits on land, and it is well supported by some laboratory experiments (see Krauskopf, 1957, p. 73) . Lastly, it does not seem to contradict any of the basic features of the deep sea ferromanganese deposits.
Some evidence of the great mobility of iron and other metal ions when hot lavas and sea water interact can be seen by examining samples of palagonites. In thin section they often present characteristic segregations of dark oxides in the form of globulites, patches, and botryoidal structures such as those shown in plate 2-B or in plate 3-B. Observations of this kind have been made by several authors, starting with Peacock (1926) in his classic paper on the Icelandic palagonites. These structures confirm on a microscale that processes of migration and segregation of the metallic elements take place during high temperature interaction of lava and water.
It is interesting to note that Buser (1959) reported that the three Mn oxide minerals commonly found in the nodules represent increasing degrees of oxidation at their formation, in the order "10 A manganite"~"7 .A. manganite"~"Mn02". This result seems to agree with the above described mechanism of manganese deposition, which implies a progressively more oxidizing environment during precipitation.
Small scale segregation of iron and manganese due to the locally very variable "redox" and acidity conditions during an eruption could explain the formation of such "layering" as is observed in some nodules. Components of the bottom sediments may also become mixed with volcanic material during an effusion or suspended in the volcanogenous solutions; as a result, detrital minerals or biogenic remains may easily be trapped in the ferromanganese aggregates. Such is probably the origin of findings of shark's teeth or whale ear bones in manganese nodules from the Pacific.
The segregation of part of the manganese from the lava as described above may account for the high Mn/Fe ratio observed in the nodules and in some associated sediments when compared with the same ratio in a basaltic magma, which is several times lower. The iron missing from the balance is presumably that precipitated in the earlier phases of the alkalinization and oxidation of the Fe and Mn rich solutions. Manganese nodules are quite often associated with
The Origin oj Manganese Nodules on the Ocean FiooT 31 ferruginous surface sediments; however, it is likely that some of the iron is preferentially buried beneath the surface of the ocean floor. It is difficult at present to make any quantitative balance on this item, because only a few chemical analyses have been done of sediments associated with the nodules, also because drillings from the top of sea mountains or long cores from the South Pacific zeolitite region are not yet available.
A secondary enrichment of manganese on the surface layers of oceanic sediments is probably also contributing to a high Mn/Fe ratio measured in some pelagic clays. This enrichment is due to a slow upward migration of manganese from strata that upon burial and diagenesis enter a slightly reducing environment. Such a process, suggested already by Murray and Irvine (1895) , was further discussed by Petterson (1945) , who however could not find direct evidence of it in Correns' analyses of some short cores from the Atlantic. Goldschmidt (1954) also recognized its importance.
Recent data suggest that in certain deep sea sedimentary environments this migration of manganese actually takes place. An instance given in figure  1 shows the concentrations of reducible Mn in a North Pacific sedimentary core. The iron content of this core does not show any increase at the surface, not being affected by this process. Interesting observations on this subject were made by D. Lynn (ms), who while studying sediments from the east tropical Pacific found a dark, manganese rich layer at the top strata of several cores. The thickness of this layer augments in cores increasingly distant from the Central American continent ( fig. 2) , and the sediment below this layer gives evidence of reducing conditions. Bezrukov (1960) in his study of the western Pacific sediments likewise found at the surface of the sediments a layer with a higher manganese content than the strata below. In different areas this oxidized layer is of variable thickness, which seems to increase toward the open ocean where the length of the usual piston cores is insufficient to go through it. His Eh measurements appear to confirm the solution and upward migration of manganese from buried reduced sediments.
The dissolution of Mn oxides when buried in reduced sediments could perhaps at least partially account for the qualitative observation that Mn nodules are preferentially found at the surface of the sediments, rather than buried in them.
B. Minor elements in the nodules.-To explain the striking concentration in the nodules and in some associated sediments of rare elements such as Ni, Co, Cu, Pb, Zn, and some rare earths, Goldberg (1954) suggested that these elements are scavenged through absorption from sea water by the iron and manganese oxides. He pointed out that this hypothesis would be verified if one could observe that the ratio scavenger element/scavenged element is roughly constant in pelagic clays and manganese nodules. The following considerations can be made on this matter:
1. In the typical case of manganese (scavenger) versus nickel (scavenged), Goldberg (1954) reported that the Mn/Ni ratios in pelagic cores collected by the Swedish Deep Sea Expedition and analyzed by Rotshi (1952) are nearly constant, thus supporting the scavenging hypothesis. Nevertheless Petterson (1959) pointed out that, although Goldberg had used in his calculations the average value of Mn and Ni for each core, consideration of the single values for Mn and Ni in each core would reveal a great variability in their ratio.
2. Figure 3 (from Revelle and others, 1955) shows a plot of Mn and Ni values in a core from the North Pacific (Capricorn 50 BP). This core consists of two sections of different composition: the top section is made predominantly of terrigenous minerals, evidently deposited by slow sedimentation processes, whereas the lower one is rich in zeolites, smectites, and ferromanganese oxides. The Mn/Ni ratios are different in the two sections, suggesting that the mechanism of slow deposition of the two elements operating in the upper section is .., 3. Another core from the North Pacific (Chinook 2) shows similar fea· tures: it is 58 ems long and is made of a lower, dark section, consisting mainly of ferromanganese oxides, nontronite, and palagonitic glass, which grades up into a layer 3 or 4 cms thick of almost pure phillipsite. Above such a layer a discontinuity exists, and the upper 25 cms long section of the core is made of terrigenous minerals such as quartz, feldspars, micas, and chlorites, that is, the normal components of the sediments in that area of the ocean. Chemical analyses of this core (Chow, 1958) show that elements such as Fe, Mn, Ni, Co, Pb, and Cu are enriched several times in the lower section relative to the upper one. The Ni/Co ratio is nearly constant in samples from the upper section (deposited by normal, slow sedimentation), but it varies widely in those from the lower section (fig. 4) . The presence of a local volcanic source is suggested in the latter case. It is significant that the scavenging hypothesis appears questionable in those cases where relatively high concentrations of ferromanganese oxides are present.
4. The Ni/Co ratio in ocean water is about 7 (Goldberg, 1961) , whereas in the manganese nodules this ratio, though variable, is on the average near to 1. This enrichment of cobalt in the nodules by slow depositional processes is not easy to explain especially since the oxidation of CO+2 to CO+8 is thermodynamically unlikely to proceed at concentrations typical of sea water (Goldberg, 1961) . Davidson (1962) , in reviewing published data on Co~nd Ni in various rock types and ore deposits, pointed out that Ni is always more abun-
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• dant than Co in sediments of all kinds, whereas the NijCo ratio reaches or goes below 1 only in certain igneous rocks and in ore deposits of direct igneous origin.
5. It has been observed that the chemical composition of the nodules differs considerably from place to place, namely that the ratios Mn :Fe :Rarer metals differ among nodules dredged from different localities of the ocean bottom. For instance, Goldberg (1961) reports nodules made almost exclusively of Mn oxides with practically no iron, cobalt, nickel, copper, et cetera, whereas in other instances nodules can contain as much as 20 percent iron. If the Goldberg-Arrhenius hypothesis is accepted, it is rather hard to explain why in nodules formed far away from the source of their components (the continents), such drastic variations of chemical composition should occur.
According to Mero (1962) the floor of the Pacific Ocean can be divided very roughly into regions, each growing nodules of similar composition ( fig.  5 ). It has been suggested (Arrhenius, 1963 ) that marine planktonic organisms are responsible for the extraction from sea water of some of the rare metals, thus on their death concentrating the element in the bottom environment of certain deep sea regions. This process might certainly be important in particular problems of marine geochemistry. As for the manganese nodules however, it does not seem that the regional trends shown in figure 5 can be made to fit any major biogeographic trend of the Pacific. Many factors are involved in the process of formation of manganese nodules suggested earlier in this paper. In general very unstable redox and acidity conditions will operate during a submarine eruption, causing for instance the segregation of manganese from iron to be achieved to a greater or lesser degree, according to purely local conditions. As a result nodules with a wide range in the ratios of their chemical components can probably be originated by one and the same volcanic source. Yet in general, nodules deriving from the same magmatic source should tend statistically to have a similar chemical composition. On this basis it could perhaps be possible to explain some of the trends of figure 5. We find for instance a well defined region whose nodules are relatively rich in manganese and poor in iron. This region follows very closely the profile of the East Pacific Rise, which is partly associated with an intermediate type of volcanism, contrasting with the more basic kind in most of the Pacific basin (Peterson and Goldberg, 1962) . Andesitic magmas are known to have on the average a much higher Mn/Fe ratio than more basic magmas (Goldschmidt, 1954) . Therefore the relatively greater amount of manganese available in these lavas would be reflected in the composition of the nodules. Likewise the high cobalt content of the nodules in the Hawaiian region might be related to that type of volcanism, as also indicated by Mero (1962) . These nodules are also relatively rich in iron, and it is a known fact that Co follows Fe closely in its igneous chemistry. Admittedly interpretations of the compositional map of figure 5 are still almost barely speculative. Yet the Enrico Bonatti and Y. Rammohanroy Nayudu regional trends of that map seem at present to favor a volcanic origin for the nodules, rather than to oppose it.
lt thus appears from this discussion that the minor elements (Ni, Co, Cu, Ph, et cetera) concentrated in the nodules may be at least in part volcanically derived, according to processes of the kind suggested in an earlier section. A volcanic origin for those elements in the nodules has also been independently suggested by Hewett, Fleischer, and Conklin (1963) .
C. Rate of accretion of the nodules.-Ferromanganese oxides lying on the ocean bottom are likely to adsorb chemical species from the water (Goldberg, 1954) . If the volcanic origin of the nodules is admitted, then most likely they were formed in a relatively short time; the elements adsorbed from sea water after their formation would have to be mainly concentrated in their surface layers. Hence it is worthwhile to notc that several nodules contain ionium and its daughter elements concentrated in their surface layers. Some authors (Petterson, 1943; Von Buttlar and Houtermans, 1950) have used radium data to calculate rates of accretion of the nodules, on the assumption that unsupported Ra is constantly deposited on the nodules and that these are formed by slow deposition from sea water. In the foregoing pages we have tried to show that this last assumption does not seem to be valid; in such case, the rates calculated from the radium measurements would be meaningless. The same would apply to some data of Goldberg and Picciotto (1955) and Goldberg (1961) , who found the ratio ionium/thorium much higher on the surface of the Horizon nodule than directly under its surface and on such basis calculated its rate of accretion.
It is noteworthy that rates of accretion calculated for the nodules by the above methods can be shown independently to be quite improbable. Goldberg (1961) gave for the Horizon nodule an average rate of accretion of less than 0.01 m per thousand years. Since the sediments associated with this specimen are deposited at a rate certainly higher than 1 mm per thousand years, it follows that this nodule would have soon been buried, without being able to grow at all. The same would be valid for most Pacific ferromanganese minerals. In fact the presence on the southwest Pacific floor of abundant nodules with supposedly lower rates of accretion than the associated sediments was designated as puzzling by Menard and Shipek (1958) . To solve this apparent puzzle Menard (1964, p. 183) invoked as deus ex machina the action of bottom fauna, which would continuously push up the nodules and keep them at the surface of the sediment. However, considering the size of some of the nodules, such an hypothesis seems to overestimate the physical capacity of bottom organisms.
If somewhat higher rates of accretion are assumed (for instance, rates from the data of Petterson, 1943, or from those of Von Buttlar and Houtermans, 1950) , then other difficulties are encountered. For instance Dietz (1955) observed that rocks on the top of some mid-Pacific seamounts where no sediments have been deposited since the Cretaceous have a crust of manganese oxides only a few centimeters thick at the most. With rates of the order of 1 mm per thousand years a manganese crust 100 m thick would have to cover those seamounts. t , . (Mero, 1962; Skomyakova, 1960) . The Pacific basin is rich in evidence of very extensive submarine volcanism. Products of the alteration of palagonites cover large areas of the ocean floor (Bonatti, 1963) . Seamounts and guyots are a common feature of subaqueous topography, and outcrops and slabs of volcanic materials are Widely spread on the ocean bottom (Menard, 1960) . Minerals of local volcanic origin are common in the sediments of certain areas of the ocean. Therefore sub· marine volcanism should not be underestimated when speculating on geo· chemical balances in the Pacific basin, particularly in regard to such elements as manganese, which is much more abundant in pelagic deposits (red clays) than in igneous or other sedimentary rocks (Kuenen, 1950 ).
CONCLUSIONS
The processes described in this paper imply the following: A. Weathering of manganese from the continents, its dilution in the ocean, and its slow precipitation on the bottom is clearly an important process in marine chemistry, as pointed out by several authors; however, such a mechanism does not seem to be responsible for the formation of manganese nodules.
B. Submarine volcanism is a major source of manganese in the Pacific, to be noted as well as continental weathering; deep sea ferromanganese nodules appear to be mainly related to such a source.
C. Manganese wiII in general tend to be concentrated toward the top of the deep sea sedimentary column, and it may be wrong to extrapolate the data we have from near surface samples to deep buried strata.
If these suggestions are taken into account, some of the conclusions drawn by Goldberg and Arrhenius (1958) from their geochemical calculations in regard to manganese and related elements may need some revisions.
